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Abstract: A distributed fiber sensing system based on ultraweak FBGs (UWFBGs)
assisted polarization optical time-domain reflectometry (POTDR) is proposed for load
and vibration sensing with improved signal-to-noise ratio (SNR) and sensitivity. UWFBGs
with reflectivity higher than Rayleigh scattering coefficient per pulse are induced into a
POTDR system to increase the intensity of the back signal. The performance improve-
ment of the system has been studied. The numerical analysis has shown that the SNR
and sensitivity of the system can be effectively improved by integrating UWFBGs along
the whole sensing fiber, which has been clearly proven by the experiment. The experi-
mental results have shown that by using UWFBGs with 1:1 105 reflectivity and 10-m
interval distance, the SNR is improved by 11 dB, and the load and vibration sensitivities
of the POTDR are improved by about 10.7 and 9 dB, respectively.
Index Terms: Fiber optics system, fiber gratings, distributed fiber sensor, optical fiber
polarization.
1. Introduction
Polarization optical time domain reflectometry (POTDR) is proposed for single-end distributed fi-
ber sensing and measurement by detecting the state of polarization (SOP) of the propagating
pulse via time [1]. It has been widely used in the polarization properties analysis of optical fiber
communication system, such as polarization mode dispersion (PMD) [2], polarization dependent
loss (PDL) [3], and beat length [4] measurement over the past few decades. Beside the measure-
ment of polarization related communication parameters, POTDR can also be used as an all fiber
distributed sensing system [1], [5], [6] due to its advantages such as high sensitivity, short re-
sponse time, versatile design that can adapt various environments, and so on. Therefore, it can
be used for vibration detection, which is really important in perimeter security dynamic monitor-
ing, dam and rail vibration monitoring, etc. In an OTDR based distributed sensing system, the
performance such as the sensing dynamic range, spatial resolution, and sensitivity are governed
by the system signal to noise ratio (SNR), which is limited by the low intrinsic Rayleigh scattering
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(RS) coefficient of the optical fiber [7]. Increasing the sensing dynamic range with high spatial
resolution and sensitivity is therefore highly desirable in a practical term. So far, three main
methods have been proposed to improve SNR in an OTDR-based system. A very much intuitive
method is to improve the detector sensitivity. For example, a superconducting nanowire based
single-photon detector with higher sensitivity has been proposed to integrate in the OTDR sys-
tem and achieved 22 dB dynamic range with spatial resolution of 6.2 cm [8]. However, with a
high sensitivity detector, poor thermal stability and long measurement time have always been big
issues. Another approach is based on light source encodings, which could increase the probe
light power without inducing nonlinear effect [9], [10]. The third method involves data processing
techniques such as frequency transform and wavelet transform to reduce noise [5], [11].
Recently, another approach to improve the SNR by simply improving the back reflectivity sig-
nal from single mode fiber (SMF) using fiber Bragg grating (FBG) devices has been proposed.
As an effective in-fiber mirror, FBGs have been intensively studied over the past few decades in
optical communication systems [12], [13], fiber lasers [14], [15], and fiber sensors [16], [17].
Lo et al. have introduced a pair of FBGs into an OTDR system with dual light sources for bend
sensing, where the SNR, sensing range and stability were greatly improved due to the en-
hanced reflection from the FBGs [18]. A large capacity sensing network with weak FBGs multi-
plexing was achieved by combining OTDR, weak FBGs and wavelength division multiplexing
(WDM) techniques [19]. However, these systems are only used for key-positions monitoring
[20]–[23]. Moreover, these traditional FBGs-integrated systems are hard to be used for vibration
detection due to the long response time. By introducing relatively weak FBGs into an SMF-
based POTDR system, Ming et al. have demonstrated distributed bend sensing by measuring
beat length of SMF with improved SNR [24]. However, it is still difficult to detect vibration using
the above mentioned system due to the slow response speed of beat length measurement. In
this report, we propose and demonstrate an SNR enhanced distributed sensing system based
on ultra-weak FBGs (UWFBGs) associated POTDR which can be used for load and vibration
sensing with improved sensitivity. Moreover, the proposed system is able to perform the true
distributed sensing function.
The article has been organized as following. First, the principle of the sensing system is pre-
sented. We have also simulated the UWFBGs based sensing system using Muller matrix and
waveplate model. Then, an experimental POTDR sensing system was constructed to confirm
the improvement on SNR and sensitivity. In the system, UWFBGs, whose reflectivity is two or-
ders higher than Rayleigh scattering coefficient of 1-m SMF, are specially designed and fabri-
cated along the fiber sensing network with certain interval distance. Once the spatial resolution
equals to the separation of UWFBGs, the detected signal will be the summation of both the
UWFBG reflected signal and the back Rayleigh scattering within one pulse at each moment.
Then, the amplitude of received signal will be stronger than that of the traditional POTDR along
the whole fiber. Therefore the SNR is improved along the whole sensing fiber with UWFBGs in
our system due to the enhanced back-reflected signal level. Load and vibration sensing experi-
mental results are also given to show the sensitivity enhancement. Finally, we discuss the limi-
tations of the proposed system and future work followed by the conclusion.
2. Principle and Numerical Simulation
In a standard POTDR system, when the launched pulse travels along the sensing fiber, a back
RS signal is generated while the pulse propagates. Then the back RS along the sensing fiber
are detected via time. Because the state of polarization (SOP) of the RS is dependent on the bi-
refringence of the sensing fiber experienced by the pulse, the disturbance along the optical fi-
bers which affects the fiber birefringence can therefore be detected by monitoring the change of
the SOP of the back RS. Furthermore, the location of the disturbance can also be retrieved via
time, achieving distributed fiber sensing [1]. When UWFBGs are introduced into the sensing
fiber with certain interval, the detected signal contains not only the back RS but the back signal
reflected by UWFBGs as well. Thus, the signal from the UWFBG-based POTDR is larger than
Vol. 7, No. 1, February 2015 6800511
IEEE Photonics Journal Distributed Vibration Fiber Sensing System
the signal from the traditional POTDR. By adjusting the pulse width, we match the pulse width
with the interval of UWFBGs to ensure that the back signal contains the back RS and UWFBGs
reflected signal at each moment. Then, the signal enhancement can be achieved continuously
along the sensing fiber.
The SOP of the probe light would change randomly along the fiber due to the intrinsic birefrin-
gence. Thus it is difficult to obtain a straight forward relationship between the SOP of back sig-
nal and the disturbance outside. In our simulation, we used Muller matrix and waveplate model
[25] to analyze the SOP variation in the SMF and the SNR improvement of the system. The wa-
veplate model is shown below in Fig. 1, by which the fiber is regarded to consist of thousands
of birefringence and UWFBG waveplates. In the model, each waveplate is assumed to be 1 m
long, and UWFBGs are distributed along the SMF with a 10-m interval distance.
The total matrix (forward, reflection and backward) of the system can be written as
So ¼ R1R2   RUWF1   RjRUWFm   RNTN   TUWFmTj   TUWF1   T2T1S1 (1)
where Si and So are the SOP of the input and output light, and Tj and Rj are the forward and
backward matrix for the j th birefringence waveplate [25]. TUWFm and RUWFm are the forward and
backward matrix of mth UWFBGs. N is the number of total waveplates. For each matrix of wave-
plate, the intrinsic attenuation and insertion loss induced by UWFBGs are also taken into con-
sideration. The parameters used in the simulation are listed in Table 1.
Fig. 1. Waveplate model of sensing fiber with UWFBGs.
TABLE 1
Parameters used in the simulation
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The simulated POTDR signals of the proposed system with and without UWFBGs are shown
in Fig. 2. It can be seen that the amplitude of the POTDR signal fluctuating along the fiber atten-
uates gradually due to the intrinsic birefringence and loss of the fiber. It is also very clear to see
that the signal generated from the POTDR with UWFBGs is much stronger than that without
UWFBGs because the detected signal is the sum of one UWFBG reflected signal and 10 m
SMF Rayleigh scattering signal at each moment when the spatial resolution is equal to the inter-
val of UWFBGs as shown in Fig. 2. Therefore, the time domain signal could be improved contin-
uously which ensure that the SNR of the system could be improved with no interval along the
sensing fiber.
As the POTDR signal fluctuates along the fiber, the amplitude of the fluctuated signal can be
used for sensitivity measurement. The power of reflected signal in both POTDR systems is
normally less than 30 dBm, the thermal noise dominates in the total noise. Then, the SNR
improvement of the UWFBGs assisted POTDR can be determined by






where SFC is the signal fluctuation amplitude of the combined system, SFT is the signal fluctua-
tion amplitude of traditional POTDR system, and SFUWFBG is the signal reflected by UWFBG.
Calculation from (2) and Fig. 2 clearly shows that the SNR of the system is improved by about
11 times. As the reflectivity of each UWFBG is about 105, the insertion loss of each UWFBG is
about 4:3 105 dB. Therefore, the loss induced by UWFBGs is about 4:3 103 dB/km (1 km
SMF contains 100 UWFBGs in the simulation), which is far less than the round trip loss of the
SMF (0.4 dB/km). Therefore, the insertion loss of UWFBG is insignificant to take into consider-
ation and the sensing length can be improved by 10:4 dB=ð0:4 dB/kmÞ ¼ 26 km.
The signal would be reduced due to the loss of the sensing fiber as shown in Fig. 2. When the
signal is reduced to the noise level, the corresponding length is defined as sensing length. It is
clear to see that the higher the reflectivity of UWFBGs, the better the SNR improvement. How-
ever, increasing the reflectivity of UWFBG would increase the loss induced by UWFBG, which
may reduce the improvement of sensing length. In the simulation, the relationship between the
improved sensing length and the reflectivity of UWFBG was studied and shown in Fig. 3.
As shown in Fig. 3, the improved sensing length increases with the increasing of the UWFBG
reflectivity until the reflectivity of UWFBG reaches to 39.2 dB ð1:2 104Þ. If the reflectivity of
UWFBG is further increased, the insertion loss of UWFBG would increase. Then the signal
would be reduced much more quickly, which would reduce the improvement of sensing length.
Thus, the largest sensing length improvement of the proposed system is about 41.3 km. In this
case, the SNR improvement is about 20.8 dB.
The vibration sensitivity improvement is also simulated by assuming 10 UWFBGs integrated fi-
ber connected after 9700 m SMF to be in accord with our experiments. In the simulation, 11 Hz
Fig. 2. Simulated POTDR signals with and without UWFBGs using 100 ns pulse.
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vibration was applied at 9500 m, and the signal fluctuation with time was transformed by Fast
Fourier Transform (FFT) at each position. Then the spectral distribution along the fiber was ob-
tained and shown in Fig. 4(a). It is shown that the spectra at and after the vibration position all con-
tain 11 Hz because the SOP of the back RS signal generated after the vibration position are all
affect by the vibration. Meanwhile the spectra before the vibration position are just noise. Thus,
the vibration position can be easily detected by analyzing the spectra along the sensing fiber. The
amplitude of 11 Hz frequency component varies along the sensing fiber due to the random birefrin-
gence. Because UWFBGs are only inserted between 9700 m and 9800 m while the fiber before
9700 m is SMF, the signal before 9700 m can be used as traditional POTDR signal, and the signal
after 9700 m can be used as the enhanced POTDR signal as shown in Fig. 4(a). Thus, the sensi-
tivity improvement can be calculated for about 10 dB by analyzing the amplitude increase of the
spectra from the sensing fiber with and without UWFBGs (before and after 9700 m).
Multiple vibrations detection was also studied in the simulation. In accord with the experi-
ments, three vibrations with frequency components of 9.2 Hz, 10 Hz, and 11 Hz were applied at
9630 m, 9665 m and 9725 m, respectively. The spectra along the sensing fiber were obtained
as shown in Fig. 4(b). Using the above method, the vibration with frequency components of 9.2 Hz
can be easily located at 9630 m. The spectra between 9630 m and 9665 m only contain frequency
component of 9.2 Hz while the spectra after 9665 contain the frequency components of 9.2 Hz and
10 Hz. Then, we can judge that another vibration with frequency component of 10 Hz was applied
at 9665 m. Similarly, the third vibration with frequency components of 11 Hz can also be located at
9725 m. Thus, distributed multiple vibrations sensing can be achieved. Moreover, comparing the
Fig. 3. Improved sensing length with different reflectivity of UWFBG.
Fig. 4. Vibration spectra along the fiber. (a) Vibration at 9500 m. (b) Three vibrations at different
positions.
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amplitudes of the spectra before and after 9700 m, the SNR of spectra with 9.2 Hz and 10 Hz fre-
quency components were all improved by 10 dB. Thus, the sensitivity of multiple vibrations detec-
tion is also improved. In addition, the spectra before the third vibration position have no frequency
component related to 11 Hz, especially the UWFBGs region (between 9700 m and 9725 m). There-
fore, the introduction of UWFBGs brought no vibration location errors beside the enhancement of
sensitivity.
3. Experimental Results and Discussion
3.1. Experimental Setup
The experiment setup of the hybrid system using POTDR with UWFBGs for SNR and sensi-
tivity enhancement in load and vibration detection is shown in Fig. 5. In the proposed system, a
CW laser diode with central wavelength at 1549.7 nm is used as the light source. A commercial
electro-optic modulator (EOM) with 40 dB extinction ratio is used to generate light pulses. Then
the pulse is amplified by an EDFA (IPG Photonics). An in-fiber polarization controller (PC) is
employed to change the SOP of the probe light before the pulse is launched into the SMF sens-
ing network. The SOPs of the Rayleigh backscattering and reflected light are converted to elec-
trical intensity signal by a polarization analyzer (PA) and high sensitivity photo-detector (PD).
The line-width of the laser is about 0.17 nm. Therefore, the coherent length of the laser is about
1.4 cm, which is much smaller than the pulse width and interval of UWFBGs. Hence, the coher-
ent noise of the system can be ignored.
3.2. UWFBG Characterization and SNR Enhancement Measurement
In the experiment, 10 UWFBGs were UV-inscribed into non-hydrogen loaded SM28 fiber with
10 m separation by using a phase mask exposure method and spliced at the end of 10 km
sensing fiber. The length of each UWFBG was around 0.05 mm, which was defined by the UV
beam diameter. The measured UWFBG reflection spectrum is shown in Fig. 6. The reflection
Fig. 5. Hybrid system of POTDR with UWFBGs.
Fig. 6. Reflection spectra of UWFBGs. (Inset) Zoomed spectra near laser central wavelength.
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spectrum of the individual UWFBG is around 1550 nm, covering the wavelength of the input
seed laser, and its bandwidth was about 8 nm, which is much wider than laser linewidth, suffi-
ciently eliminating the influence of the spectrum drifting of the UWFBG due to environmental
condition (strain, temperature and so on). As shown in Fig. 6, the intensity change caused
by 0.2 nm spectral shift (induced by about 15 degrees temperature change) is only about
0.15 dB (3.5%), which is insignificant to the sensor performance.
An OTDR system (taking the PA away from POTDR system in Fig. 5) probed with less than
100 ns pulse was used to show the distribution of UWFBGs and to calculate the reflectivity of
UWFBGs in our experiment. In the experiment, 40 ns pulse was chosen. As shown in Fig. 7,
10 UWFBGs are distributed from 9700 m with 10 m interval. The signal from the fiber with
UWFBGs is the sum of the Rayleigh scattering and the reflected light of the UWFBG which is
one order higher than the signal from the sensing fiber without UWFBG. As the RS coefficient of
4 m SMF is about 4 107, the reflected coefficient of the UWFBG can be estimated as ðð1:2
0:1Þ=ð0:14 0:1ÞÞ  4 107 ¼ 1:1 105 because the detected signal is improved from 0.04 V
(considering the 0.1 V DC signal) to 1.1 V due to the UWFBGs.
As the spatial resolution is less than the interval of UWFBGs when the pulse width is 40 ns,
only the signals around UWFBGs were improved as shown in Fig. 7. The signals in the red cir-
cle regions in Fig. 7 were still not improved. In this case, the SNR improvement of the proposed
system was actually quasi-distributed. When the pulse width was increased to 100 ns, which
corresponds to a spatial resolution of 10 m, the signal detected by POTDR is shown in Fig. 8
where the SOP change of the signal is converted to intensity change through the PA in Fig. 5.
As UWFBGs interval equals to this spatial resolution, the back reflection signal is the sum of
Rayleigh scattering light and the reflected signal from one of the UWFBGs at each moment.
Then, the signal is improved continuously along the sensing fiber with UWFBGs. By comparing
signals before and after 9700 m, the SNR improvement was estimated to be about 11 dB.
Therefore, the sensing length was improved by 11 dB=ð0:4 dB/kmÞ  27:5 km.
Fig. 7. OTDR signal with 40 ns pulse. (Inset) Zoomed amplitude profile near the UWFBG region.
Fig. 8. Detected back reflection signal from the combined POTDR system with 100 ns pulse. (Inset)
Zoomed amplitude profile near the UWFBG region.
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3.3. Load Sensing
In this section, the localized load sensitivities of the POTDR system with and without
UWFBGs have been investigated. In the experiment, 0.5 kg weight was loaded at the position
just before the UWFBG array at 9650 m as shown in Fig. 5. By subtracting the received POTDR
signal before loading from the POTDR signal after loading, the signal difference reflects the
SOP changes induced by the load. As the SOP of the back RS and UWFBG reflected signal
after the load position are all affected by the applied load, the signal difference after 9650 m is
changed. We have compared the signals in both regions with and without UWFBGs to show the
sensitivity enhancement. As shown in Fig. 9, the SOPs of the lights reflected after 9650 m were
all changed while the SOPs of the lights reflected before 9650 m were invariable. Then we can
obtain the position information of the load by calculating the start point of the differential signal.
The maximum differential signals in non-UWFBG and UWFBGs areas after the load position
were used to calculate the sensitivity improvement in our experiment. The maximum differential
signals in non-UWFBG area which represents traditional POTDR signal was about 0.042 V,
while the change was 0.5 V at 9730 m (with UWFBGs representing enhanced POTDR signal),
as shown in Fig. 9. Therefore, the load sensitivity was improved by about 10.7 dB by the
UWFBG array in the POTDR system.
3.4. Vibration Detection
Vibrations can also be detected by POTDR system, which is the main application of POTDR
due to its fast response speed. The highest frequency of the vibration that can be detected is
about 5 kHz for 10 km sensing fiber using POTDR without averaging [5]. However, due to limita-
tion of the vibration loading system in our experiment, vibrations with frequencies around 11 Hz
were loaded on the sensing fiber using a mechanical vibration source, which can also be used
to show the vibration sensitivity improvement of the proposed system.
Firstly, single vibration with 11 Hz frequency component was applied at 9.5 km in our experi-
ment. The spectra along the fiber are shown in Fig. 10(a). The spectra before 9.5 km have no
useful frequency information while the spectra after 9.5 km all contain the frequency compo-
nents of 11 Hz because the SOP of the back RS and UWFBG reflected signals after the vibra-
tion position are all affected. Thus the spectrum and position information of the vibration can be
easily obtained by analyzing the spectra along the sensing fiber, achieving distributed vibration
sensing. Moreover, as shown in Fig.10(b), 11 Hz can be both detected from the positions with-
out and with UWFBGs which represent the traditional POTDR and the enhanced POTDR re-
spectively. From Fig. 10(a) and (b), it can be seen that the noise at the UWFBGs region was
also increased with the signal improvement, which may be caused by the random disturbance
along the sensing fiber. Although the noise was also enlarged, the SNR of the spectra with and
Fig. 9. Load sensitivity of POTDR system. (Inset) Zoomed amplitude profile near the non-UWFBG
region, which represents the amplitude profile of traditional POTDR.
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without UWFBGs were 12 dB and 3 dB, respectively, as shown in Fig. 10(b). Therefore, the
SNR of the spectra was improved by about 9 dB combining the UWFBGs, which is a signifi-
cantly improvement on vibration detection.
The response of the proposed system to multiple vibrations was also studied. In our experi-
ment, three vibrations with frequency components of 9.2 Hz, 10 Hz, and 11 Hz were applied at
9630 m, 9665 m, and 9725 m, respectively. The time domain signals within 4 s were collected
in the experiment. Therefore, the frequency resolution of this system was 0.25 Hz. The spectra
along the sensing fiber were obtained as shown in Fig. 11. The spectra between 9630 m and
9665 m only have 9.25 Hz frequency component while the spectra between 9665 m and 9725 m
contain 9.25 Hz and 10 Hz frequency components. Meanwhile, there are three frequency compo-
nents (9.25, 10, and 11 Hz) in the spectra after 9725 m. Therefore, by comparing the spectra
along the fiber, the position information of three vibrations can be easily obtained, achieving mul-
tiple vibrations distributed fiber sensing. Moreover, the SNR of the spectra in UWFBGs region
(after 9700 m) are much larger than the SNR of spectra in non-UWFBGs region (before 9700 m),
which proves that multiple vibrations sensing sensitivity are also improved by inducing UWFBGs.
In the experiments, the sensitivity improvement of 9 Hz and 10 Hz frequency components are
about 8.7 dB and 8 dB, respectively, which are closed to the sensitivity improvement of single vi-
bration detection. In addition, the spectra before the third vibration position have no frequency
Fig. 10. Frequency spectra of vibrations. (a) Frequency spectra along the sensing fiber. (b) Fre-
quency spectra at the positions with and without UWFBG.
Fig. 11. Spectra along the sensing fiber when three vibrations were applied at different positions.
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component related to 11 Hz especially the UWFBGs region (between 9700 m and 9725 m).
Thus, the introduction of UWFBGs can be successfully used for vibrations detection sensitivity
enhancement without bring detrimental effect on identifying the vibration's location, which is con-
sistent with our results in simulation.
3.5. Discussion
In this paper, due to the limitation of experimental condition, only 10 UWFBGs have been fab-
ricated and connected to the end of 9.7 km SMF sensing network. However, it has already
proved the SNR and vibration detection sensitivity improvement of POTDR system in the experi-
ment. Actually, UWFBGs can be fabricated over entire sensing fiber using existing on-line FBG
fabrication technology, and then, the SNR and sensitivity enhancement at any position in a
long-distance POTDR can be achieved. As the sensitivity enhancement is achieved in this
work, weaker vibrations can be sensed. Hence, this enhanced sensing system can be used for
the health and safety monitoring of large structures, perimeter security monitoring, geological
safety monitoring, and so on.
When we increase the width of pulse, the SNR can be further improved. However, the spatial
resolution would be reduced at this situation. Moreover, polarization fading would be induced
with the pulse width increasing. Therefore, the chosen of pulse width and corresponding interval
of UWFBGs for SNR further improvement needs further research. In addition, if the reflectivity of
UWFBGs is increased, the insertion loss introduced by UWFBGs and the SNR enhancement
would all be significant. Thus, it is difficult to visually judge whether the sensing length is
increased or not. Although the relationship between the improved sensing length and the reflec-
tivity of UWFBGs has been simulated in this work, the effect of UWFBGs' reflectivity and interval
of UWFBGs on sensing length should be studied by experiments in future work.
4. Conclusion
In conclusion, a POTDR combined with UWFBG array system has been demonstrated theoreti-
cally and experimentally with significantly improved SNR and sensitivity for vibration and load
sensing. The enhanced POTDR sensing system incorporating UWFBGs with reflectivity at only
1:1 105 has showed an improvement of 11 dB in SNR, in comparison with the traditional
POTDR system, which also means the sensing distance is improved for about 27.5 km. Mean-
while, the load can be detected using POTDR system with 10.7 dB improved detection sensitiv-
ity. Moreover, distributed vibration detection can also be achieved by the enhanced system.
Using the proposed system, vibration detection sensitivity can be improved by about 9 dB.
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